In order to research the law of rime ice accretion on different scaling blades surface, a new rime ice scaling method was proposed in this research. According to previous research, there are three kinds of ice types on blade surfaces: rime ice, glaze ice and mixed ice. Under the condition of rime ice, both the freezing fraction and the coefficient of heat transfer between super-cold water droplets and blade are 100%. The heat transfer model of rime ice is simpler than that of glaze ice and mixed ice. In this research, the scaling parameters including flow field, water droplets, temperature, pressure and rotating parameters were defined. The Weber number (We) based on water film thickness as an important parameter was applied in this study. The rotating parameters including rotating speed and radius had been added into the icing scaling method. To verify the effectiveness of the new rime ice scaling method, icing wind tunnel tests were carried out. The NACA0018 airfoil was used for the test blade. Two kinds of scale chord blades were selected, the chord of full-scale blade was 200 mm and of subscale blade was 100 mm. The test temperature was −15 • C. The ice accretion on different scale blades surface were captured by high-speed camera and the icing shapes of different scaling blades were obtained. To quantitatively analyze the similar degree of icing shapes on different scale blades, an evaluation method which included similar degree (Sim) was established based on the typical characteristic parameters proposed by previous research. The results show that the icing shapes of subscale blades are similar to that of full-scale blades. The similar degree is between 75.22% and 93.01%. The icing wind tunnel test indicates that the new rime ice scaling method is an effective method to study the rime ice of large scale rotating blades. This study can be used as a reference for research on anti-icing and de-icing technologies for large-scale HAWTs (Horizontal Axis Wind Turbines).
Introduction
Wind energy, as a main kind of green and renewable energy, has been greatly developed in recent years [1] [2] [3] . To obtain more wind energy and increase the power generation efficiency, the wind farms usually are constructed in high altitude or cold areas [4, 5] . However, the wind turbines operating in these areas usually are threatened by ice problems [6, 7] . According to the previous research, the ice mainly accretes on the blade surface of wind turbines [8] [9] [10] . This will affect the aerodynamic and load distribution, which will decrease the power performance and threaten the safety of wind turbines [11] [12] [13] . Therefore, it is essential to research ice accretion on blade surfaces of wind turbines [14, 15] . As early as 1940, Taylor had already researched the possible equipment and
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Identification of the Scaling Parameters
Geometric Scaling Requirements
For researching the ice accretion on the subscale geometric surface, some geometric scaling requirements should be satisfied as follows: (1) the shape of subscale model should be similar to that (c) m = k(c) f (1) where c is the characteristic length, m represents the subscale model, f represents the full-scale model, k is the model scale factor.
Flow Field Scaling Requirements
According to the icing scaling method established by AEDC and ONERA, the flow field around the subscale model should be similar to that of full-scale model. According to previous research, the rate of wind speed of an operating wind turbine changes from 4 m/s to 25 m/s, which is low-speed flow. According to eighteen icing scaling parameters defined by Bilanin [24] , the Reynolds Number (Re) of the subscale model should be the same as the full-scale model. The scaling method defined by Bilanin requires that if the size of subscale model is much smaller than that of full-scale model, the wind speed of the subscale model will be great larger than that of the full-scale model. However, that will make it difficult to select other parameters such as the Weber number (We) and Mach number (Ma). Ruff [23] considered that the ice only forms in the vicinity of the stationary point where the boundary layer is relatively thin, so that the viscous effects are adequately scaled simply by requiring that the bodies are geometrically scaled. Ruff proposed that the test Ma must be greater than that corresponding to Re = 2.0105 and less than Mc. To simplify the flow field scaling requirements, the flow field scaling requirements can be expressed as: Figure 1 shows the flow field around subscale model and full-scale model by numerical simulation. The velocity of these two scale models is 6 m/s. The results show that the flow field around the leading edge of the subscale is similar to that of the full-scale model. Because the ice mainly accretes on the leading edge, the results show that the flow field scaling requirements is suitable for this study.
of the full-scale model. (2) The other parameters of the two scale models including surface roughness, material and installation angle are the same. The geometric scaling parameter is as follows:
where c is the characteristic length, m represents the subscale model, f represents the full-scale model, k is the model scale factor.
According to the icing scaling method established by AEDC and ONERA, the flow field around the subscale model should be similar to that of full-scale model. According to previous research, the rate of wind speed of an operating wind turbine changes from 4 m/s to 25 m/s, which is low-speed flow. According to eighteen icing scaling parameters defined by Bilanin [24] , the Reynolds Number (Re) of the subscale model should be the same as the full-scale model. The scaling method defined by Bilanin requires that if the size of subscale model is much smaller than that of full-scale model, the wind speed of the subscale model will be great larger than that of the full-scale model. However, that will make it difficult to select other parameters such as the Weber number (We) and Mach number (Ma). Ruff [23] considered that the ice only forms in the vicinity of the stationary point where the boundary layer is relatively thin, so that the viscous effects are adequately scaled simply by requiring that the bodies are geometrically scaled. Ruff proposed that the test Ma must be greater than that corresponding to Re = 2.0105 and less than Mc. To simplify the flow field scaling requirements, the flow field scaling requirements can be expressed as: Figure 1 shows the flow field around subscale model and full-scale model by numerical simulation. The velocity of these two scale models is 6 m/s. The results show that the flow field around the leading edge of the subscale is similar to that of the full-scale model. Because the ice mainly accretes on the leading edge, the results show that the flow field scaling requirements is suitable for this study. 
Droplet Trajectory Scaling Requirements
In the precondition of satisfying the flow field requirement, the trajectories of the droplets entrained in this flow must also be similar. The droplet trajectory scaling requirement requires that the impingement regions and local collection efficiency between subscale model and full-scale mode is similar. Langmuir and Blodgett [17] found the modified inertia parameter K0 is an important droplet trajectory scaling parameter. It had been verified by Ruff and Xian. K0 is expressed as:
Where, / λ λ is defined as the range parameter which is a function of the droplet Reynolds 
In the precondition of satisfying the flow field requirement, the trajectories of the droplets entrained in this flow must also be similar. The droplet trajectory scaling requirement requires that the impingement regions and local collection efficiency between subscale model and full-scale mode is similar. Langmuir and Blodgett [17] found the modified inertia parameter K 0 is an important droplet trajectory scaling parameter. It had been verified by Ruff and Xian. K 0 is expressed as: (4) K is the inertia parameter expressed as:
where Re ∞ is the free Reynolds number of droplets, the Re rel is the relative Reynolds number of droplets, ρ w is the density of water, r d is the radius of droplets, U ∞ is the far field velocity, µ a is the viscosity of air, c is the chord length. The scaling parameter for droplet trajectories is as follows:
Droplet Impinging Mass Scaling Requirements
In the precondition of satisfying the droplet trajectory requirement, the droplet impingement mass on the blade surface also should be similar, i.e., the total mass of impinging water of the subscale model is similar to that of the full-scale model. It can be expressed as:
where m w is the mass of impinging water. Substituting Equation (1) into Equation (7), Equation (7) can be expressed as:
The total impinging mass of a unit area on the object surface of the icing time t can be given by following equation:
where β is the local impingement efficiency [9] . Substituting Equation (9) into Equation (8), Equation (8) can be expressed as:
The relationship between local collection efficiency and modified inertia parameter can be expressed as follows based on the study of Langmuir and Blodgett [17] :
In the precondition of satisfying the droplet trajectory requirement, the droplet trajectory requirement will make the local collection efficiency of the subscale similar to that of the full-scale. To simplify the droplet impinging mass scaling requirement, a dimensionless parameter A c is introduced. It is called the accumulation parameter which can be expressed as:
where L is the icing thickness. There are complex heat transfer models on object surfaces in the process of icing. The heat transfer model and mass transfer model of the subscale should be similar to those of the full-scale. According to the previous study, the heat transfer model between the subscale and full-scale models is similar under rime ice conditions. Therefore, if the temperature of the subscale model and full-scale model is the same, the thermodynamic requirement will be satisfied. The thermodynamic scaling requirements can be expressed as:
Dynamic Pressure Scaling Requirements
According to previous icing tests, the ice may be thrown off under some conditions. Xian Yi [27] considered that dynamic pressure should be added to the icing scaling method. The dynamic pressure is defined as:
According to the ideal gas equation, Equation (12) can be expressed as:
Therefore, the dynamic pressure scaling requirement is:
Liquid Water Dynamic Scaling Requirement
According to the study of Bilanin and Anderson [25] , the surface tension of water droplets is a main parameter for the icing scaling method. The Weber number is a relevant parameter of surface tension. According to previous successful test results, Kind and Coauthors considered the Weber number based on water film thickness can be used as a parameter for surface tension. The Weber number based on water film thickness is:
where δ w,A is the water film thickness, σ is the surface tension. Therefore, the liquid water dynamic scaling requirement is:
Rotation Parameter Scaling Requirement
A Horizontal Axis Wind Turbine (HAWT) is a typical rotating machine; therefore, the centrifugal force and Coriolis force should be taken into account as the main parameters of the icing scaling method. There are three kinds of parameters including mass, rotation speed and radius of the equations of centrifugal force and Coriolis force. Therefore, the rotating parameter scaling requirement based on the centrifugal force is shown as follows:
where S cov is the icing area.
Energies 2019, 12, 627 6 of 15
The rotation parameter scaling requirement is:
Principles for Selecting Test Parameters
According to the above, the principles for the rime ice scaling method are as follows:
Test Verification
To verify the effective of the new rime ice scaling method, icing wind tunnel tests were carried out. The test parameters were selected based on the new rime ice scaling method. The detailed discussion is as follows. Figure 2 shows the schematic diagram of icing wind tunnel experiment system (IWTES) which was designed and constructed in previous research [29] . The main advantage of this system is that low temperature air can be absorbed into tunnel which will greatly reduce the energy consumption and maintenance costs for refrigeration equipment. The icing shapes were recorded by high-speed camera and the icing shapes of different scaling blade models were obtained. The type of high speed camera is Phantom 5.1 which is made by Vision Research Inc. (VRI), USA, and the resolution ration is 1024 × 1024 pixels. Figure 3 shows the 3D diagram of the rotation system. Figure 4 
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Principles for Selecting Test Parameters
Test Verification
To verify the effective of the new rime ice scaling method, icing wind tunnel tests were carried out. The test parameters were selected based on the new rime ice scaling method. The detailed discussion is as follows. Figure 2 shows the schematic diagram of icing wind tunnel experiment system (IWTES) which was designed and constructed in previous research [29] . The main advantage of this system is that low temperature air can be absorbed into tunnel which will greatly reduce the energy consumption and maintenance costs for refrigeration equipment. The icing shapes were recorded by high-speed camera and the icing shapes of different scaling blade models were obtained. The type of high speed camera is Phantom 5.1 which is made by Vision Research Inc. (VRI), USA, and the resolution ration is 1024 × 1024 pixels. Figure 3 shows the 3D diagram of the rotation system. Figure 4 shows the icing shape collection system. 
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Test Plan
The symmetrical blade NACA0018 was selected in this study. There are two kinds of scale models: the chord length of the full-scale model is 200 mm and the chord length of the sub-scale model is 100 mm. They are both made of aluminum and the surface roughness is 3.2 μm. Figure 5 shows the actual blade model. Figure 5 shows the subscale model and full-scale model. Two installed angles including 0 º and 20 º were selected and the installed angle (α) is shown in Figure 6 . Table 1 shows the test plan. The test parameters were selected based on this new rime ice scaling method. 
The symmetrical blade NACA0018 was selected in this study. There are two kinds of scale models: the chord length of the full-scale model is 200 mm and the chord length of the sub-scale model is 100 mm. They are both made of aluminum and the surface roughness is 3.2 µm. Figure 5 shows the actual blade model. Figure 5 shows the subscale model and full-scale model. Two installed angles including 0 • and 20 • were selected and the installed angle (α) is shown in Figure 6 . Table 1 shows the test plan. The test parameters were selected based on this new rime ice scaling method. 
The symmetrical blade NACA0018 was selected in this study. There are two kinds of scale models: the chord length of the full-scale model is 200 mm and the chord length of the sub-scale model is 100 mm. They are both made of aluminum and the surface roughness is 3.2 μm. Figure 5 shows the actual blade model. Figure 5 shows the subscale model and full-scale model. Two installed angles including 0 º and 20 º were selected and the installed angle (α) is shown in Figure 6 . Table 1 shows the test plan. The test parameters were selected based on this new rime ice scaling method. 12, the ice accretes on a small part of windward surface and a large part of leeward surface of blades, for both models, and their icing shapes are similar. To evaluate the icing shapes of different scale models, the icing shapes were unified into the same coordinate system as shown in Figure 8 . The ice on the airfoil cord of 200 mm seems to reach further downstream locations than for the scaled version under most conditions. This is because the medium volume droplet (MVD) is the main parameter that influences the icing area on blade surfaces, perhaps due to the relative MVD (MVD/c) leading to the ice on the airfoil cord of 200 mm, which is further downstream than for the scaled version. The thickness of ice increases with icing time and the ice shape does not change. The icing area gradually 12, the ice accretes on a small part of windward surface and a large part of leeward surface of blades, for both models, and their icing shapes are similar. To evaluate the icing shapes of different scale models, the icing shapes were unified into the same coordinate system as shown in Figure 8 . The ice on the airfoil cord of 200 mm seems to reach further downstream locations than for the scaled version under most conditions. This is because the medium volume droplet (MVD) is the main parameter that influences the icing area on blade surfaces, perhaps due to the relative MVD (MVD/c) leading to the ice on the airfoil cord of 200 mm, which is further downstream than for the scaled version. The thickness of ice increases with icing time and the ice shape does not change. The icing area gradually concentrates on the leading edge of the blade with the increase of installed angle and rotational speed. The icing shape of the full-scale model was expanded to the subscale model. The results show similar icing shapes between the subscale blade and full-scale blade based on the new rime ice scaling method. The icing shapes of the subscale model coincide with those of the full-scale model. The results indicate that the scaling method established by this study is accurate and reliable. concentrates on the leading edge of the blade with the increase of installed angle and rotational speed. The icing shape of the full-scale model was expanded to the subscale model. The results show similar icing shapes between the subscale blade and full-scale blade based on the new rime ice scaling method. The icing shapes of the subscale model coincide with those of the full-scale model. The results indicate that the scaling method established by this study is accurate and reliable. concentrates on the leading edge of the blade with the increase of installed angle and rotational speed. The icing shape of the full-scale model was expanded to the subscale model. The results show similar icing shapes between the subscale blade and full-scale blade based on the new rime ice scaling method. The icing shapes of the subscale model coincide with those of the full-scale model. The results indicate that the scaling method established by this study is accurate and reliable. 
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Similar Icing Shape Evaluation Method
For quantitatively analyzing the similar degree of icing shapes between the subscale model and full-scale model, an evaluation method was proposed based on previous research [30] . According to previous research, there are five main kinds of characteristics of icing shape: icing area Si, stationary point thickness δs, upper impingement limit LU, downer impingement limit LD and stationary point deflect angle θs. Figure 9 shows these characteristics. For comparing and analyzing irregular icing shapes on different scale blade surfaces, these characteristics are dimensionless in this paper. The dimensionless parameters are as follows: Dimensionless icing area: 
For quantitatively analyzing the similar degree of icing shapes between the subscale model and full-scale model, an evaluation method was proposed based on previous research [30] . According to previous research, there are five main kinds of characteristics of icing shape: icing area S i , stationary point thickness δ s , upper impingement limit L U , downer impingement limit L D and stationary point deflect angle θ s . Figure 9 shows these characteristics. For comparing and analyzing irregular icing shapes on different scale blade surfaces, these characteristics are dimensionless in this paper. The dimensionless parameters are as follows:
Dimensionless icing area: 
Dimensionless upper impingement limit:
Dimensionless downer impingement limit:
Dimensionless stationary point deflect angle: Difference rate factor of dimensionless icing area:
Difference rate factor of dimensionless icing area:
Difference rate factor of upper impingement limit:
Difference rate factor of downer impingement limit: Difference rate factor ς was proposed in this study to quantitatively analyze the icing shapes for the subscale model and full-subscale model.
Difference rate factor of upper impingement limit: Difference rate factor of downer impingement limit:
Difference rate factor of stationary point deflect angle:
The similar degree was defined as follows:
where r i is the weighting factor. It is defined based on the importance of characteristics of the icing shape. Table 2 shows the similar degree of icing shapes between these two scale blade models. The results show that the similar degree is between 75.22% and 93.01%. The results show the effectiveness of the new rime ice scaling method. 
Conclusions
The main conclusions obtained in this research are as follows:
(1) The rime ice scaling method has been established. The scaling parameter requirements including flow field, droplet trajectory, droplet impinging mass, thermodynamic, dynamic pressure, liquid water dynamic are defined. The rotating parameter based on the centrifugal force is added into the new rime ice scaling method. 
